The analysis of bibliometric networks, such as co-authorship, bibliographic coupling, and co-citation networks, has received a considerable amount of attention. Much less attention has been paid to the construction of these networks. We point out that different approaches can be taken to construct a bibliometric network. Normally the full counting approach is used, but we propose an alternative fractional counting approach. This approach is based on the idea that each decision of a researcher, such as the decision to co-author or to cite a publication, should have equal weight, regardless of the number of authors or the number of citations of a publication. We present two empirical analyses in which the full and fractional counting approaches yield very different results. These analyses deal with co-authorship networks of universities and bibliographic coupling networks of journals. Based on theoretical considerations and on the empirical analyses, we conclude that for many purposes the fractional counting approach is preferable over the full counting one.
Introduction
The study of bibliometric networks, such as co-authorship, bibliographic coupling, and co-citation networks, has a long history in the field of bibliometrics, with early work dating back to the 1960s and 1970s (e.g., De Solla Price, 1965 Kessler, 1963; Small, 1973) . Many different methods for analyzing and visualizing bibliometric networks have been studied by bibliometricians (e.g., Börner, Chen, & Boyack, 2003; Milojević, 2014; Van Eck & Waltman, 2014; Zhao & Strotmann, 2015) . However, 2 before bibliometric networks can be analyzed and visualized, they first need to be constructed. The construction of bibliometric networks has received remarkably little attention in the literature. It seems that the construction of bibliometric networks is typically seen as a more or less trivial step that does not need any special consideration. In this paper, we argue that this step is far from trivial. We point out that different approaches can be taken to construct bibliometric networks, and we show that in some cases these approaches yield very different results.
A well-known problem in the field of bibliometrics is the issue of assigning coauthored publications to individual authors. For instance, when a publication is coauthored by three researchers, how should the publication be counted for each individual researcher? In the context of the calculation of bibliometric indicators, many different approaches have been proposed to this problem (for overviews, see Gauffriau, Larsen, Maye, Roulin-Perriard, & Von Ins, 2007; Waltman, 2016, Section 7) . The most popular approaches are the full counting method (also known as the whole counting method) and the fractional counting method (e.g., Aksnes, Schneider, & Gunnarsson, 2012; Waltman & Van Eck, 2015) . In the case of the full counting method, a publication co-authored by three researchers is assigned to each researcher with a full weight of one. On the other hand, in the case of the fractional counting method, the publication is assigned to each researcher with a fractional weight of 1 / 3.
In this paper, we introduce a similar distinction between full and fractional counting in the context of the construction of bibliometric networks. Consider for instance the construction of a co-authorship network. Suppose researcher X has coauthored a publication with five other researchers. In the conventional approach to the construction of bibliometric networks, this yields five co-authorship links with a weight of one for researcher X. We refer to this approach as the full counting method.
An alternative approach is to assign a weight of 1 / 5 to each of the five co-authorship links. In this approach, which we refer to as the fractional counting method, the total weight of the co-authorship links that a researcher obtains because of his authorship of a publication equals one. This total weight of one is distributed equally over the individual co-authorship links.
To construct bibliometric networks, researchers have traditionally used the full counting method. To the best of our knowledge, the fractional counting method has never been used in the literature, although some related ideas have been proposed 3 (Persson, 2010; Small & Sweeney, 1985) . In this paper, we carefully define the full and fractional counting methods. Our focus is on the construction of co-authorship, bibliographic coupling, and co-citation networks, but our ideas extend to other types of bibliometric networks as well. We also provide two examples of situations in which the choice between the full and fractional counting methods makes a big difference. One example is about co-authorship networks of universities. The other example deals with bibliographic coupling networks of journals. In both examples, we argue that the fractional counting method is preferable over the full counting method.
We note that the full and fractional counting methods are both available in the VOSviewer software (www.vosviewer.com; Van Eck & Waltman, 2010 , 2014 for constructing and visualizing bibliometric networks. The VOSviewer software can be used to construct bibliometric networks based on data downloaded from bibliographic databases such as Web of Science and Scopus. The software requests the user to choose whether the full or the fractional counting method should be used. The information provided in this paper should help VOSviewer users in choosing the best counting method for their analyses. This paper is organized as follows. Formal definitions of the full and fractional counting methods in the context of the construction of bibliometric networks are provided in Section 2. An empirical comparison between the two counting methods is reported in Section 3. We present our conclusions in Section 4.
Constructing bibliometric networks
In this section, we provide a detailed discussion of the full and fractional counting methods for constructing bibliometric networks. We first discuss in general terms the difference between full and fractional counting. We then focus specifically on coauthorship networks, followed by bibliographic coupling and co-citation networks.
Although the discussion is restricted to these three types of bibliometric networks, we emphasize that our ideas apply to other types of bibliometric networks as well. For an overview of the literature on different types of bibliometric networks, we refer to Van Eck and Waltman (2014, Subsection 2.1).
Full counting vs. fractional counting
The basic idea of full counting is that each co-authorship, bibliographic coupling, or co-citation link should have the same weight. Fractional counting takes a different 4 perspective. It is based on the idea that each decision of a researcher, such as the decision to co-author a publication or to cite a publication, should have the same weight. For instance, the decision of a researcher to co-author a publication with five other researchers should have the same weight as the decision of a researcher to coauthor a publication with 500 other researchers. In the first situation, the decision of the researcher introduces five new co-authorship links. Each of these links is assigned a fractional counting weight of 1 / 5, so that the total weight of the decision of the researcher equals 5 × (1 / 5) = 1. In the second situation, the researcher's decision results in 500 new co-authorship links, each with a fractional counting weight of 1 / 500, which again yields a total weight of 500 × (1 / 500) = 1. In the case of full counting, each co-authorship link has a weight of one in both situations, resulting in a total weight of 5 in the first situation and 500 in the second situation. Hence, based on full counting, the decision made in the second situation has 100 times as much weight as the decision made in the first situation.
A completely analogous example can be given for the construction of a bibliographic coupling network, where links are created when two publications both cite the same third publication (Kessler, 1963) . According to the idea of fractional counting, a researcher's decision to cite a publication that has already been cited five times should have the same weight as the decision to cite a publication that has already been cited 500 times. In the first situation, the decision of the researcher introduces five new bibliographic coupling links, each with a fractional counting weight of 1 / 5, which gives a total weight of 5 × (1 / 5) = 1. In the second situation, the researcher's decision results in 500 new bibliographic coupling links, each with a fractional counting weight of 1 / 500, and again a total weight of 500 × (1 / 500) = 1 is obtained. In the case of full counting, all bibliographic coupling links have a weight of one in both situations, and therefore the total weight equals 5 in the first situation and 500 in the second situation.
Why would fractional counting be preferable over full counting, at least for certain purposes? In other words, why would it be reasonable to require each decision of a researcher to have the same weight? Let us provide an argument in the context of bibliographic coupling analysis. Suppose we have a publication and suppose we want to use bibliographic coupling analysis to identify other related publications.
Bibliographic coupling analysis starts from the idea that the references cited in a publication reflect what the publication is about and, consequently, that publications 5 citing the same references are related to each other. In the case of full counting, references that are cited not only by our focal publication but also by many other publications have a larger overall influence on the bibliographic coupling analysis than references that are cited by just a few other publications. In a certain sense, this means that in the full counting case highly cited references are seen as more representative of what a publication is about than lowly cited references. This may not always be desirable.
Suppose for instance that our focal publication cites both a lowly cited research article dealing with a closely related topic and a highly cited review article that offers a broad overview of the literature, including many topics that are only weakly related to the topic of our focal publication. In this situation, the lowly cited research article is more representative of what our focal publication is about than the highly cited review article. However, in the full counting case, the reference to the highly cited review article has a much larger influence on the bibliographic coupling analysis than the reference to the lowly cited research article. One could therefore say that the reference to the highly cited review article is treated as being more representative of the topic of our focal publication than the reference to the lowly cited research article, while it actually should have been the other way around.
In the case of fractional counting, each reference cited in a publication has the same influence in a bibliographic coupling analysis, which essentially means that each reference is considered to be equally representative of what the publication is about.
We believe this to be a very reasonable idea, more reasonable than the idea of highly cited references being more representative than lowly cited references. In practice, some references cited in a publication are of course more representative of what the publication is about than others. However, we see no reason to expect highly cited references to be systematically more representative than lowly cited references.
Without any further information, the most reasonable idea seems to be to treat each reference cited in a publication as being equally representative, and this is what is done by fractional counting.
The above argument in favor of fractional counting applies to bibliographic coupling analysis, but similar arguments can be given for other types of analysis as well. For instance, when co-authorship analysis is used to identify strong collaborative ties between researchers, it can be argued that the most reasonable approach is to consider each publication of a researcher to be equally important in the 6 researcher's oeuvre. This then results in fractional counting being preferable over full counting.
Co-authorship networks
We now discuss in more detail the construction of co-authorship networks using full and fractional counting. We first provide a technical discussion, and we then present a simple example.
Constructing co-authorship networks
Co-authorship networks can be constructed for different units of analysis, such as researchers, research institutions, and countries. In the discussion below, we use researchers as the unit of analysis. However, we emphasize that the discussion also applies to other units of analysis.
We use N and M to denote, respectively, the number of researchers and the number of publications included in the analysis, and we use A = [a ik ] to denote an N × M authorship matrix. Element a ik of this matrix equals 1 if researcher i is an author of publication k and 0 otherwise. We further use n k to denote the number of authors of publication k, that is,
(
Publications that have only one author do not provide any co-authorship links. For simplicity, we therefore assume that each publication included in the analysis has at least two authors. This means that n k > 1 for each publication k.
We first consider the case of full counting. We use U = [u ij ] to denote the full counting co-authorship matrix. This is a symmetrical N × N matrix. Element u ij of this matrix equals the number of full counting co-authorship links between researchers i and j and is given by
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In matrix notation, the co-authorship matrix U is given by
Hence, the co-authorship matrix U is obtained by post-multiplying the authorship matrix A by its transpose.
We now consider the case of fractional counting, where we denote the fractional counting co-authorship matrix by U * = [u 
Equivalently, the co-authorship matrix U * is obtained by * = diag(
where diag(v) denotes a diagonal matrix with the elements of the vector v on the main diagonal and where 1 denotes a column vector of length N with all elements equal to 1.
Example
To illustrate the use of full and fractional counting for constructing co-authorship networks, we consider a simple example in which we have four researchers and three publications. Table 1 presents the authorship matrix and Figure 1 displays the corresponding authorship network. The full and fractional counting co-authorship matrices and the corresponding coauthorship networks are presented in Table 2 and Figure 2 , respectively. Self-links in a co-authorship network are usually of no interest, and therefore the main diagonal elements in the co-authorship matrices and the corresponding self-links in the coauthorship networks are not shown. We note that for each researcher the total weight of the fractional counting co-authorship links is equal to the number of publications the researcher has authored. This is a general property of fractional counting coauthorship analyses.
To illustrate how the weights of the fractional counting co-authorship links have been obtained, we take the link between researchers 1 and 3 as an example.
Researcher 1 has co-authored publication 1 with two other researchers. This yields two co-authorship links for researcher 1, and one of these links is with researcher 3. It follows from Eq. (4) that the two co-authorship links each have a weight of 1 / (3 -1) = 0.5. Researcher 1 has co-authored publication 2 only with researcher 3, and this results in a co-authorship link with a weight of 1 / (2 -1) = 1. In total, we obtain a weight of 0.5 + 1.0 = 1.5 for the co-authorship link between researchers 1 and 3.
As explained in Subsection 2.1, in the case of fractional counting, each decision of a researcher should have the same weight. For instance, the decision of researcher 2 to co-author publication 1 with researchers 1 and 3 should have the same weight as researcher 2's decision to co-author publication 3 with researcher 4. The coauthorship links of researcher 2 with researchers 1 and 3 each have a weight of 1 / (3 -1) = 0.5, which means that the weight of researcher 2's decision to co-author publication 1 with researchers 1 and 3 equals 2 × 0.5 = 1. The weight of researcher 2's 9 decision to co-author publication 3 with researcher 4 equals 1 / (2 -1) = 1. Hence, in the case of fractional counting, the two decisions of researcher 2 indeed have the same weight. We note that it is essential to have a denominator of n k -1 rather than n k in Eq.
(4). We need to subtract 1 from n k in the denominator because we do not consider self-links in a co-authorship network. Without subtracting 1 from n k , the weight of researcher 2's decision to co-author publication 1 with researchers 1 and 3 would have been 2 × 1 / 3 = 0.67, while the weight of researcher 2's decision to co-author publication 3 with researcher 4 would have been 1 / 2 = 0.5. Hence, without subtracting 1 from n k , the weight of the two decisions of researcher 2 would not have been the same.
Bibliographic coupling networks
In Subsection 2.2, the construction of co-authorship networks using full and fractional counting was discussed. We now turn to the construction of bibliographic coupling networks. The discussion below closely resembles the discussion in Subsection 2.2, but there will also be some small differences.
Constructing bibliographic coupling networks
Bibliographic coupling networks can be constructed for different units of analysis, such as publications, journals, and researchers. Our focus will be on researchers as the unit of analysis (Zhao & Strotmann, 2008 ), but we emphasize that the discussion below also applies to other units of analysis. In a bibliographic coupling analysis of researchers, the relatedness of researchers is determined based on the degree to which they cite the same publications. The more often two researchers cite the same publications, the stronger their relatedness.
We use N and M to denote, respectively, the number of researchers and the number of publications included in the analysis, and we use C = [c ik ] to denote an N × M citation matrix. Element c ik of this matrix equals the number of citations received by publication k from researcher i. We further use n k to denote the total number of citations received by publication k from all researchers included in the analysis, that is,
Publications that have been cited fewer than two times do not provide any bibliographic coupling links. We therefore assume that each publication included in the analysis has received at least two citations, which means that n k > 1 for each publication k.
We use V = [v ij ] to denote the N × N full counting bibliographic coupling matrix.
Element v ij of this matrix equals the number of full counting bibliographic coupling links between researchers i and j and is given by
Hence, the bibliographic coupling matrix V is given by 
Equivalently, the bibliographic coupling matrix V * is obtained by * = diag( T − ) −1 T .
(10)
Example
We consider an example with five researchers and four publications. The citation matrix and the corresponding citation network are presented in Table 3 and Figure 3 , respectively. We note that a researcher can give multiple citations to the same publication. For instance, researcher 1 has cited publication 1 three times. This means that researcher 1 has authored three publications in which publication 1 is cited.
The full and fractional counting bibliographic coupling matrices and the corresponding bibliographic coupling networks can be found in Table 4 and Figure 4 , respectively. Like in the example provided in Subsection 2.2, the main diagonal elements in the bibliographic coupling matrices and the corresponding self-links in the bibliographic coupling networks are not shown. Let us now consider researcher 3. The decision of this researcher to cite publication 1 results in bibliographic coupling links with researchers 1 and 2 that have weights of, respectively, 3 / (6 -1) = 0.6 and 2 / (6 -1) = 0.4, yielding a total weight of 0.6 + 0.4 = 1. Researcher 3 has also given two citations to publication 2. These citations require a more detailed discussion. In total, publication 2 has been cited four times. Each citation of publication 2 therefore corresponds with three bibliographic coupling links, each with a weight of 1 / 3 = 0.33, which gives a total weight of one.
However, because researcher 3 has given two citations to publication 2, one of the bibliographic coupling links that we have is a link between the two citing publications of researcher 3. Since we are not interested in researcher self-links, this link is ignored. As a consequence, for each of researcher 3's citations to publication 2, the total weight of the corresponding bibliographic coupling links is less than one. More specifically, each citation corresponds with a bibliographic coupling link with researcher 1 and a bibliographic coupling link with researcher 5, and these links each have a weight of 1 / 3 = 0.33, yielding a total weight of 2 × 0.33 = 0.67. Hence, if 13 researcher self-links had been taken into consideration, a total weight of one would have been obtained, but by ignoring researcher self-links we obtain a total weight below one. 1 This also explains why for some researchers (i.e., researchers 1, 2, and 3) the total weight of their fractional counting bibliographic coupling links is less than the number of citations they have made. 
Co-citation networks
After discussing the construction of co-authorship and bibliographic coupling networks using full and fractional counting, we now consider the construction of cocitation networks. Since the construction of co-citation networks is very similar to the construction of co-authorship and bibliographic coupling networks, only a brief discussion will be provided.
Our focus will be on researchers as the unit of analysis (White & Griffith, 1981 ), but we emphasize that the discussion below also applies to other units of analysis, such as publications and journals. In a co-citation analysis of researchers, the relatedness of researchers is determined based on the degree to which they are cited in the same publications. The more often two researchers are cited in the same publications, the stronger their relatedness.
Like in Subsection 2.3, we use N and M to denote, respectively, the number of researchers and the number of publications included in the analysis, and we use C = [c ik ] to denote an N × M citation matrix. Importantly, however, the citation matrix is defined in a different way than in Subsection 2.3. Element c ik of the matrix equals the number of citations given by publication k to researcher i (rather than the number of citations received by publication k from researcher i). We further use n k to denote the total number of citations given by publication k to all researchers included in the analysis, that is,
We assume that n k > 1 for each publication k. 
The co-citation matrix W is given by 
The bibliographic coupling matrix W * is obtained by * = diag(
Empirical analysis
We now present an empirical comparison of the full and fractional counting methods for constructing bibliometric networks. We will compare the results obtained using the two counting methods, but in addition we will also show why the two counting methods yield different results. Two analyses are presented. The first analysis focuses on co-authorship networks of universities. The second analysis is about bibliographic coupling networks of journals.
Co-authorship networks of universities
We collected all 1.28 million publications indexed in the Web of Science database Figure 6 , based on fractional counting, suggests that scientific collaboration takes place mostly within national borders. On the other hand, the visualization in Figure 5 , based on full counting, gives the impression that national borders play only a minor role in determining scientific collaboration. How can these large differences between the two visualizations be explained?
It turns out that the differences can be explained largely by the fact that in the case of full counting a small number of publications that have been co-authored by a large number of universities have a very strong effect on the co-authorship network. To demonstrate this, we constructed a full counting co-authorship network in the same way as above, except that in the construction of the network we did not take into account publications co-authored by more than 20 universities. There are 702
publications that have been co-authored by more than 20 universities (i.e., 0.05% of the total number of 1.28 million publications), and these publications were not used in the construction of the co-authorship network. A visualization of the co-authorship network that was obtained in this way is presented in Figure 7 . Importantly, the visualization in Figure 7 based on full counting is very different from the full counting visualization in Figure 5 , and in fact it is quite similar to the fractional counting visualization in Figure 6 . Like in the visualization in Figure 6 , distinct groups of universities can be easily distinguished, and these groups largely coincide with the countries in which universities are located. Hence, it can be concluded that to a large extent the differences between full and fractional counting co-authorship networks of universities are caused by a small number of publications that have been co-authored by a large number of universities. Table 5 provides some statistics that indicate the effect of a small number of publications with many co-authors on university co-authorship networks constructed using full counting. When in our analysis we take into account all publications regardless of their number of co-authors, we have 1.28 million publications, which yield 2.90 million co-authorship links. 3 The statistics reported in Table 5 show what happens when publications for which the number of co-authoring universities exceeds a certain threshold are not considered in the construction of a co-authorship network.
In the case of the construction of the co-authorship network visualized in Figure 7 , publications with more than 20 co-authoring universities were not considered. This causes a decrease of 0.05% in the number of publications. However, as can be seen in Table 5 , this negligible decrease in the number of publications is responsible for a decrease of 62% in the number of co-authorship links. Even more extreme results are obtained if we choose to take into account all publications except those with more than 100 co-authoring universities. In that case, we lose just 0.01% of all publications, but this leads to a reduction in the number of co-authorship links by almost 50%.
Based on these statistics, it is clear that in the case of full counting a very small number of publications may have a huge effect on a co-authorship network. Figure 8 shows that most co-authorship links are due to publications that either have a limited number of co-authoring universities or a very large number of co-authoring universities. Publications co-authored by at most ten universities are responsible for somewhat more than 30% of all co-authorship links. Individually, each of these publications contributes only a very small number of co-authorship links. However, because there are so many publications co-authored by at most ten universities (i.e., 99.8% of all publications), these publications are still responsible for almost one-third of all co-authorship links. We note that most publications (i.e., almost 70% of all publications) have been authored by just one university. These publications do not result in any co-authorship links at all.
Publications co-authored by more than 100 universities are responsible for almost 50% of all co-authorship links. There are just 158 publications that have been coauthored by more than 100 universities, but each of these hyperauthorship publications (Cronin, 2001 ) is responsible for a very large number of co-authorship links. For instance, the publication co-authored by most universities is a publication that has 151 co-authoring universities 4 , and this single publication results in 151 × 150 / 2 = 11,325 co-authorship links, which is 0.4% of all co-authorship links. The 158 publications co-authored by more than 100 universities have all appeared in the field of physics, and they all or almost all seem to result from research related to the Large Hadron Collider at CERN.
Bibliographic coupling networks of journals
We now turn to the analysis of bibliographic coupling networks of journals. Our aim is to use bibliographic coupling to identify the journals that are most strongly related to one specific focal journal. We use Scientometrics as the focal journal, since this is a journal that we expect many readers of this paper to be familiar with.
We again performed our analysis using the Web of Science database. Scientometrics is reported. Table 7 is similar to Table 6 , but it shows the 20 journals that are most strongly related to Scientometrics in the fractional counting rather than the full counting bibliographic coupling network. As can be seen in Table 7 , journals that are highly ranked based on fractional counting also tend to be quite highly ranked based on full counting. Importantly, however, Table 6 shows that this does not apply in the reverse situation. Some journals are highly ranked based on full counting, while they are ranked much lower based on fractional counting. Section E, because this is the journal for which the differences between the full and fractional counting results are most extreme. However, analyses for the physics journals provide similar insights.
There turn out to be just ten publications that in the period 2010-2014 were cited both by Acta Crystallographica Section E and by Scientometrics. Hence, all bibliographic coupling links between Acta Crystallographica Section E and Scientometrics are due to these ten cited publications. The ten publications are listed in Table 8 . For each publication, the table reports the number of times the publication was cited by Acta Crystallographica Section E and by Scientometrics in the period 2010-2014. The table also presents for each publication the resulting number of full counting bibliographic coupling links, which is obtained by multiplying the number of citations received from Acta Crystallographica Section E by the number of citations received from Scientometrics. As can also be seen in Table 6 , in total there are 22,720 bibliographic coupling links between Acta Crystallographica Section E and
Scientometrics.
The first two publications listed in Table 8 turn out to be responsible for 99.9% of all full counting bibliographic coupling links between Acta Crystallographica Section E and Scientometrics. Interestingly, these two publications have each been cited just two times by Scientometrics. However, they have both received a very large number of citations from Acta Crystallographica Section E, and this explains why in the case of full counting these two publications result in a very large number of bibliographic coupling links between Acta Crystallographica Section E and Scientometrics. Hence, the fact that based on full counting Acta Crystallographica Section E is the eight most strongly related journal to Scientometrics is due to just four citations given by
Scientometrics. These citations happen to refer to publications that have been cited a lot by Acta Crystallographica Section E, and therefore they result in a very large number of bibliographic coupling links, making Acta Crystallographica Section E the eight most strongly related journal to Scientometrics. In the case of fractional counting, each decision of a researcher has equal weight.
This means that a citation to a highly cited publication and a citation to a lowly cited publication each result in the same number of fractional counting bibliographic 26 coupling links. The first publication listed in Table 8 Table 8 equals 2 × 8,659 × 0.000032 = 0.56. Likewise, the second publication in Table 8 Crystallographica Section E with Scientometrics, but similar insights can be obtained from an analysis of the relatedness of the physics journals listed in Table 6 with Scientometrics. We consider the fractional counting results to be more useful than the full counting ones. The full counting results match less well with our intuitive idea of the relatedness of Scientometrics with other journals, and the strong relatedness of Scientometrics with Acta Crystallographica Section E, which is based on just four citations given by Scientometrics, does not make much sense to us.
Conclusions
There is an extensive literature on the study of bibliometric networks, for instance to describe the structure and evolution of scientific collaboration, to detect research fronts, and to identify specialties within a discipline. However, the literature pays hardly any attention to the construction of bibliometric networks. Constructing a bibliometric network is seen as a more or less trivial step, and there seems to be an implicit idea that the only way to construct a bibliometric network is to use the full counting method.
In this paper, we have argued that different approaches can be taken in the construction of a bibliometric network, and in particular we have emphasized the distinction between approaches based on full and fractional counting. Moreover, from a theoretical point of view, we have pointed out that the fractional counting method has the attractive property of giving equal weight to each decision of a researcher, such as the decision to co-author a publication or to cite a publication. In the case of the full counting method, some decisions of a researcher may have much more weight than others, which we believe may not be desirable.
When constructing a bibliometric network, how much difference does the choice between full and fractional counting make in practice? Our experience is that in many cases the differences are relatively limited and may not have a fundamental effect on the conclusions drawn from the analysis of a bibliometric network. Especially in analyses based on small data sets, it seems unlikely that results obtained using full and fractional counting will be very different. However, researchers increasingly perform analyses based on large data sets, and it then seems more likely that there will be substantial differences between results obtained using the two counting methods. In this paper, we have provided two examples of analyses in which the choice between full and fractional counting does indeed make a big difference.
In the first example, we have demonstrated how the choice between full and fractional counting has a strong effect on co-authorship networks of universities. A visualization of a full counting co-authorship network of universities suggests that national borders play only a minor role in determining scientific collaboration, while a visualization of the corresponding fractional counting network gives the impression that scientific collaboration is strongly organized within national borders. As we have shown, the difference is due to the fact that in the full counting case a small number of publications that have been co-authored by a large number of universities have a dominant effect on the co-authorship network. In the fractional counting case, the effect of these publications is strongly reduced.
In the second example, we have demonstrated the effect of the choice between full and fractional counting on bibliographic coupling networks of journals. Although this example focuses on a different type of bibliometric network than the first example, the underlying mechanism that explains the differences between the results obtained using the two counting methods is similar. In the full counting case, bibliographic coupling indicates that Scientometrics is strongly related to Acta Crystallographica
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Section E and a number of physics journals. In the fractional counting case, the relatedness of Scientometrics with these journals is much weaker. It turns out that in the full counting case a small number of citations to a few highly cited publications have a very strong influence on the outcomes of the bibliographic coupling analysis, while in the fractional counting case these citations have much less influence.
We do not want to argue that one counting method should always be preferred over another. Different counting methods provide different perspectives on the underlying data, and it ultimately depends on the purpose of the analysis which perspective is more useful. However, based on the theoretical considerations and the empirical analyses presented in this paper, our conclusion is that for many purposes fractional counting offers a more useful perspective than full counting. We believe that results obtained using full counting may relatively easily lead to misunderstandings or misinterpretations. This can be avoided by using fractional counting.
On the other hand, we also want to draw attention to a disadvantage of fractional counting relative to full counting. Fractional counting is somewhat more difficult to explain than full counting. The use of fractional counting results in bibliometric networks in which links have non-integer weights. In our experience, providing a simple explanation of the interpretation of non-integer link weights can be challenging. In the VOSviewer software developed by two of us (Van Eck & Waltman, 2010 , 2014 , bibliometric networks can be constructed using either full or fractional counting, and we have the experience that users of the software sometimes have difficulties with the interpretation of non-integer link weights.
Finally, we want to emphasize that the full and fractional counting methods discussed in this paper are not the only approaches that can be taken to construct bibliometric networks. In particular, the idea of fractional counting can be extended in various ways. For instance, in a bibliographic coupling analysis of researchers, our approach is to fractionalize based on the number of citations received by a cited publication. In addition to this, one could also consider to fractionalize based on the number of citations given by a citing publication or based on the number of researchers by which a citing publication has been authored. We have not explored these possibilities in this paper, but we leave this as a topic for further research.
Future work could also study the relationship between on the one hand different approaches for constructing bibliometric networks and on the other hand different 29 approaches for normalizing these networks or for determining the similarity or relatedness of objects in these networks (e.g., Klavans & Boyack, 2006; Van Eck & Waltman, 2009) . The construction and the normalization of bibliometric networks are two closely related problems that may benefit from being studied in a combined way.
